Misfiring creates a unique pattern attributed to a particular cylinder. When a misfire occurs, the balance of the engine is destroyed, and the generalized force at the centre of gravity (C.G.) of the engine is changed. In this paper, a new misfire detection method is presented based on the identification of the generalized force at the engine centre of gravity. Based on the engine acceleration signals at the mounts, through the use of the discrete spectrum interpolation method, the accurate amplitudes and phases of the acceleration signals are extracted, and then, the generalized force at the centre of gravity is calculated. Through analysing the main harmonic orders of the generalized force, the misfire features are accurately extracted and classified. Both the simulation examples and test bed results prove the effectiveness of the present method in detecting misfire faults in combustion engines.
I. INTRODUCTION
Structural dynamical monitoring and fault diagnosis are of great importance to structural health. Many works have been presented addressing structural health monitoring and equipment evaluation [1] - [4] . An engine misfire fault is a common combustion fault in internal combustion (IC) engines and leads to severe performance degradation and a large increase of hydrocarbon emissions. Overall, engine misfire diagnosis is traditionally based on the in-cylinder factor and post-cylinder factor. In-cylinder factor diagnosis methods mainly use the ion current signal [5] , [6] , optical signal [7] and cylinder pressure signal [8] to detect engine misfires. Post-cylinder factor methods apply features such as the instantaneous crankshaft angular velocity [9] , instantaneous angular acceleration [10] , crankshaft combustion torque [11] , crank angle [12] , engine vibration signal [13] , exhaust gas pressure [14] , exhaust gas temperature [15] and engine noise [16] , [17] to detect misfire faults. The measurement of the in-cylinder factor requires mounting a special sensor inside the engine, and by contrast, the measurement of the post-cylinder factor requires little change to the engine and is favoured by researchers. Benefiting from complete
The associate editor coordinating the review of this manuscript and approving it for publication was Dong Wang . test equipment, reliable diagnosis results and convenient realtime diagnosis, vibration-based methods for engine misfire detection have been intensively studied [18] - [20] . For example, Arroyo et al. [12] proposed a diagnosis method achieved by comparing the vibration and AE energy with reference values to determine whether an engine is in a faulty condition. Devasenapati et al. [21] used the vibration signal acquired from the engine by a piezoelectric accelerometer to identify misfires in a four-stroke four-cylinder petrol engine. In this work, a decision tree was used to select and classify the features. Since misfiring creates a unique vibration pattern attributed to a particular cylinder, Sharma et al. [22] extracted the statistical features of engine block vibration signals and detected misfire faults using a series of decision trees. However, the diagnosis accuracy of vibration-based misfire detection methods is affected by many factors such as complex engine construction, heavy noise, the temperature and the sensor installation position. The inherent vibration forces induced in engines are mainly due to the reciprocating inertial force, rotational inertia force and gas explosive force. The vibrational pattern of an engine can provide a variety of engine state information. The direct expression of most engine faults is the variation of the generalized force at the centre of gravity of the engine. For example, for an inline four-cylinder four-stroke engine, during normal engine VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ operation, the inertia force among the cylinders can be cancelled, and the horizontal force at the centre of gravity is nearly zero. The main vertical force is the second-order force, while the first-order force is close to zero [23] . However, when a misfire occurs, the equilibrium relations among the cylinders are destroyed, and the force at the centre of gravity is also changed. The method of misfire detection presented in this paper is based on the estimation of the generalized force at the gravity centre of the engine. The proposed method features two benefits-one is high fault sensitivity, and the other is that the method is less affected by the external environment and test conditions. The rest of the paper is organized as follows. The generalized force estimation method is introduced in Section II. Misfire detection is presented in Section III. The measurement results are given in Section V. Finally, the conclusions are drawn in Section VI.
II. THE GENERALIZED FORCE ESTIMATION
The generalized force at the gravity centre of an engine is normally calculated based on the engine parameters [24] , which are the gas explosion force, reciprocating inertial force, and rotating inertia force. The engine-mount system can be simplified as a six-degrees-of-freedom vibration model, and under the assumption of ''small'' motions, the engine-mount system equations can be expressed as
MQ(t)+CQ(t)+KQ(t)= F(t)
After conducting a Fourier transformation on both sides, then equation (1) becomes
where M is the 6 × 6 engine's rigid mass matrix, C is the 6 × 6 damping matrix, K is the 6 × 6 stiffness matrix, Q is the generalized displacement vector at the C.G. of the engine and F is the 6 × 1 generalized force vector. Consider that s acceleration measurement points are applied. The coordinates of kth(k = 1, · · · , s) point relative to the C.G. are [ x k y k z k ], and under the assumption of ''small'' motions, we can get
where E is the transpose matrix and A is the acceleration vector of all points with three orthogonal directions.
Then,Q can be determined in a least-squares sense as
According to the acceleration signals at the engine mounts, through the interpolation method of the discrete spectrum, the accurate amplitudes and phases of the acceleration signals can be extracted. According to equations (2) and (4), the generalized force at the centre of gravity can be calculated by the following equation [25] .
Compared to the gas-pressure torque, the reciprocating inertia torque imposes a minimal influence on the crankshaft's vibration since it only affects the size of the vibration and does not generate any useful external power. For an engine with i cylinders, every cylinder's gas-pressure torque has a phase difference of 4π/i, which varies according to the firing order of the engine. Fig. 1 illustrates the phase angle diagram for the gas pressure torque of a typical fourstroke four-cylinder engine with the firing order of 1-3-4-2. According to Fig. 1 , if all cylinders contribute equally to the engine torque, only the main harmonic orders, which are multiples of half of the number of cylinders in a fourstroke engine, will survive in the harmonic structure of the resultant torque due to gas forces. This means that the first main harmonic order k = i/2 has the largest amplitude on the spectrum of the resultant torque. Thus, for the four-stroke four-cylinder engine, the main harmonic orders are k = i/2, i, 3i/2, etc. According to equation (1), the main harmonic orders of the resultant torque are the 2 nd , 4 th and 6 th orders under normal operation. When a misfire occurs, the main harmonic orders will be changed. 
III. MISFIRE DETECTION BASED ON THE IDENTIFICATION OF THE GENERALIZED FORCE
In this section, a high-quality finite element and multi-body dynamics model of a four-cylinder inline engine with mounts is designed based on AVL-Excite. Due to the high degrees of freedom of the finite element model, the matrix is reduced by MSC Nastran to reduce the size of the solution. The reduced finite element model is imported into the EXCITE Power Unit. The logical diagram of the component connections is shown in Fig. 2 . The angular velocity of the crankshaft is extracted to observe the rotational speed fluctuation of the engine model to confirm that there is no abnormal crankshaft movement or stagnation during the engine operation. The explosion pressure of each cylinder is provided by the cylinder pressure curve. The crankshaft speed fluctuations simulated at 2000rpm, 3000rpm, and 4000rpm are shown in Fig. 3 . The figure shows that the crankshaft runs smoothly, the simulation model runs well under the operation conditions and the computation results are reliable. The acceleration signal at 2000rpm with the rotational frequency of 33.3 Hz is shown in Fig. 4 . For the inline 4-cylinder engine vibration, the second, fourth and sixth harmonics are the main harmonic orders. From Fig. 4 , we can see that the second harmonic, i.e., 66.67Hz, has the largest amplitude on the spectrum, followed by those of the other harmonic orders, and the simulation results are in accordance with the actual engine performance.
The c.g. of the powertrain and the position of the mounts are listed in Table 1 . The inertia parameters of the powertrain except for the crankshaft, connecting rod and piston are listed in Table 2 , and the static stiffness of the three mounts is 
A. NORMAL
The firing order of the engine is 1-3-4-2. Under normal conditions, according to the phase angle diagrams, the main harmonic orders of the vibration signal of the engine are the 2 nd , 4 th , and 6 th orders. That is, the second harmonic has the largest amplitude on the spectrum of the resultant torque, and the vibration signal of the engine block also follows the same basic law. The acceleration signals at the three mounts are used to calculate the generalized force at the centre of gravity of the engine. The interpolation method using a Hanning window is applied for the extraction of the frequency, amplitude and phase, and the generalized force at the centre of gravity can be accurately identified according to equation (1) . The calculation method below is similar. Since the vertical load is dominant for the inline 4-cylinder engine, in this paper, only the vertical generalized force is analysed for feature extraction. The identified vertical generalized force at the centre of the gravity is shown in Fig. 5 . We can see that the 2 nd harmonic has the largest amplitude and that the 4 th harmonic has the second largest amplitude.
B. SINGLE MISFIRE
The misfire fault is simulated by setting the cylinder pressure value to one at which an explosion does not occur. Based on VOLUME 7, 2019 AVL Boost and the above engine model, a thermodynamic model at 2000 rpm is designed to generate misfire pressure curve, and the air-fuel ratio is set to infinity to simulate a misfire. The pressure curves of the engine with misfiring of the first cylinder are shown in Fig. 6 .
The identified generalized force is shown in Fig. 7 . We can see that the 2 nd harmonic has the largest amplitude, which is similar to the case without a misfire shown in Fig.5 . However, the amplitudes of 0.5 th , 1 st and 1.5 th harmonics increase sharply in Fig. 7 . Once a single misfire occurs, the balance of the engine is destroyed, the gas explosion forces of other three firing cylinders form a new cycle, the rate of change is half of the engine speed, and the corresponding 0.5 th harmonic and its multiples appear.
C. INTERMITTENT DOUBLE-CYLINDER MISFIRE
A misfire is set in cylinders 1 & 4 to simulate the intermittent double-cylinder misfire fault. From Fig. 8 , we can see that due to the intermittent misfires, the frequency of the gas explosion forces becomes onehalf of that under normal conditions, and the generalized force appears in the 1 st harmonic, along with its multiples. 
D. CONTINUOUS DOUBLE-CYLINDER MISFIRE
A misfire is set in cylinders 1 & 3 to simulate the continuous double-cylinder misfire fault. In this case, a misfire leads to the excitation force forming another cycle, that is, the crankshaft turns twice during one cycle; thus, the amplitude the 0.5 th harmonic increases sharply, as shown in Fig. 9 .
IV. EXPERIMENTAL SETUP
The misfire simulation consists of two subsystems: an IC engine test rig and a data acquisition system.
A. IC ENGINE SYSTEM
The experimental setup of the engine misfire simulator consists of a four-stroke inline four-cylinder gasoline engine (160.5 Kg). The engine is attached to the test bed by three rubber mounts and is operated by the engine control system. A misfire fault is simulated by switching off the high-voltage electrical supply to individual spark plugs.
B. DATA ACQUISITION SYSTEM
Three triaxial acceleration sensors are used to measure the vibration above the mounts, and three uniaxial acceleration sensors are used to measure the vibration under the mounts. The acceleration signals are measured and processed by a multi-channel LMS SCANDAS analyser, allowing for the simultaneous acquisition of 40 responses and one force in a conventional test. The engine test rig and data acquisition system are shown in Fig. 10 .
C. INERTIA PARAMETERS AND THE RUBBER ELEMENTS
According to equation (1), the parameters of the engine components should be measured or calculated first. The engine inertia parameters are identified by a residual inertia method that allows the simultaneous estimation of all ten parameters. The engine is suspended from very soft springs to simulate free-free boundary conditions, as shown in Fig. 11 . Five response measurement points and 26 applied forces were considered. The coordinates of the measuring points were measured by a 3D coordinate measuring apparatus. The FRFs were measured with the sampling frequency of 512 Hz and1024 sampling points. The modulus values of the FRFs calculated for the response measurement points are presented in Fig. 12 . As shown in Fig. 12(a) , the first elastic resonance frequency is approximately 202 Hz, with a low amplitude value. From Fig. 12(b) , we can see that the mass line between 70 Hz and 144 Hz is smooth enough for the accurate estimation of the inertia parameters. The details of the calculation of the inertia parameters can be found in our previous work [26] . The calculated results are shown in Table 3 . Fig. 13 illustrates the static and dynamic testing of the rubber elements by the MTS. Since vertical vibration is dominant for the inline 4-cylinder engine, only the vertical dynamic stiffness was tested. During testing, a 550 N pre-load was applied, according to the actual load on a single rubber element, and harmonic displacement excitations with a frequency of 0.01 Hz at 0.15 mm were employed. The ambient temperature was maintained at 23 ± 2 • C. The test results of the static and dynamic stiffness are shown in Figs. 14-16, respectively.
D. SIMULATION OF MISFIRE
As mentioned above, the engine is running under four cases, i.e., normal, single misfire, intermittent double-cylinder misfire, and continuous double-cylinder misfire conditions. The engine is started by an electrical control system and warmed up for 10 min before testing. The accelerometers are initialized and the data are recorded after the engine speed stabilized. The sampling frequency and the sampling points are set as 4096 Hz and 8192, respectively. Additionally, the interpolation method for the discrete spectrum with a Hanning window is used to extract the frequency, amplitude and phase of the acceleration signals from the three triaxial acceleration sensors. All the misfire events are simulated at 2000 rpm. The results of the three misfire cases are shown in Figs. 17-19 , respectively.
We observed that the experimental results have good consistency with the simulation results shown in Figs. 7-9. That is to say, the misfire diagnosis method based on the identification of the generalized force at the C.G. can effectively identify different misfires.
V. CONCLUSION
In this contribution, a misfire diagnosis method based on identifying the generalized force at the C.G. is developed. The simulation results demonstrate that the method can efficiently identify different misfire faults. The fault features extracted through the simulation need to be evaluated using experimental data, so experimental vibration signals from combustion faults are studied. Meanwhile, as inputs of the simulation models, the inertia parameters of the engine and the parameters of the mounts are also measured. The experimental results yield the same fault characteristics as do those of the simulation results, which verifies the reliability of proposed method. The conclusions of the research are as follows:
Single misfire-The generalized force amplitudes of the 0.5 th , 1 st , 1.5 th harmonics increase sharply since the gas explosion forces of the other three firing cylinders form a new cycle, the rate of the change is half of the engine speed, and correspondingly, the 0.5 th harmonic and its multiples appear.
Intermittent double-cylinder misfire-The generalized force appears in the 1 st harmonic and its multiples due to the frequency of the gas explosion forces becoming one-half of that under normal conditions.
Continuous double-cylinder misfire-The amplitude of the 0.5 th harmonic increases sharply.
Further studies are to be conducted on different engines under different operating conditions to generalize these results.
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